Solid-solution partitioning of arsenic (As) in the paddy soil profiles in Chengdu Plain, Southwest China  by Yang, Xiaoyan et al.
GEOSCIENCE FRONTIERS 3(6) (2012) 901e909available at www.sciencedirect.com
China University of Geosciences (Beijing)
GEOSCIENCE FRONTIERS
journal homepage: www.elsevier.com/locate/gsfRESEARCH PAPER
Solid-solution partitioning of arsenic (As) in the paddy
soil profiles in Chengdu Plain, Southwest ChinaXiaoyan Yang a,*, Qingye Hou a, Zhongfang Yang a, Xin Zhang b, Yijun Hou ca School of Earth Science and Resources, China University of Geosciences (Beijing), Beijing 100083, China
bNational Research Center for Geoanalysis, Chinese Academy of Geological Sciences, Beijing 100037, China
c Information Center, Ministry of Land and Resources of the People’s Republic of China, Beijing 100033, China
Received 10 November 2011; received in revised form 19 March 2012; accepted 21 March 2012
Available online 4 April 2012KEYWORDS
Soil profiles;
Arsenic (As);
Soil solution;
Partition coefficient (Kd);
Geochemistry* Corresponding author. Tel.:þ 86 13810
E-mail address: yxy8412@foxmail.co
1674-9871 ª 2012, China University of G
University. Production and hosting by Els
Peer-review under responsibility of Ch
(Beijing).
doi:10.1016/j.gsf.2012.03.006
Production and hosting byAbstract To predict the long-term behavior of arsenic (As) in soil profiles, the solid-solution partitioning
of As was studied in four paddy soil profiles obtained from agricultural areas in Chengdu Plain, Southwest
China. Paddy soil profile samples were collected and soil solution samples were extracted. Total As contents
in soil solution and soil solid were analyzed, along with the soil solid phase properties. The As in soil solu-
tion was significantly higher in the upper layer (0e20 cm) and had a definite tendency to decrease towards
40 cm regardless of the sampling locations.When the concentration of arsenic in soil solution decreased, its
content in solid phase increased. Field-based partition coefficient (Kd) for As was determined by calculating
the ratio of the amount of As in the soil solid phase to the As concentration in the soil solution. Kd values
varied widely in vertical samples and correlated well with soil pH, total organic carbon (TOC) and total As.
The results of this studywould be useful for evaluating the accumulation trends of arsenic in soil profiles and
in improving the management of the agricultural soils.
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Indiscriminate application of inorganic arsenical pesticides,
desiccants and wood preservatives has led to pollution of many
agricultural soils and the reduction of their productivity
(Carbonell-Barrachina et al., 2009; Fitzmaurice et al., 2009).
The presence of elevated arsenic concentration in the envi-
ronment is particularly difficult to manage. In soils, difficulties
arise in setting site independent widely accepted background
values (Jennings, 2008). Arsenic (As) is the second most
frequently encountered inorganic contaminant (after lead (Pb)) at
contaminated U.S. Superfund sites (Yang et al., 2002).
At present, soil risk assessment focuses more and more on the
solid-solution partitioning (Kd) of pollutant rather than on total
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2006). In order to predict these risks it is necessary to understand
the solid-solution partitioning of As at varying soil conditions.
Solid-solution partitioning and solution speciation of trace
elements are the key factors influencing the accumulation,
mobility and bioavailability of these elements in soil profiles
(Belooti, 1998; Sauve et al., 2003; Luo et al., 2006; Thakali et al.,
2006; Groenenberg et al., 2010). A soil solution is a chemically
reacting system (Smal and Misztal, 1996), it is in intimate contact
with the soil solid phase (Weng et al., 2001) and the aqueous
phase processes (McBride, 1994). It is the mobile phase that is
responsible for redistributing solutes within the soil, and hence
controls and reflects the differentiation of soil profiles. Dissolved
As in the soil solution and potentially leached As into soil solids
are mobile, possibly transferred to deeper soils and then taken up
by plants. The solid-solution partitioning of As is significantly
controlled by its mobility.
Solid-solution partitioning is usually evaluated using the ratio
of element concentration in the particulate to liquid phases of soil
(Allen et al., 1995). Kd is usually not a constant, which is
complicated. It is affected by element properties, both solid-phase
and pore water characteristics. Understanding of the relationship
between soil characteristics and Kd values enables a calculation of
the distribution of elements over the solid phases and pore water
for different soils. The importance of soil solid-phase character-
istics includes several reactive sorption phases: clay minerals,
organic matter, and the oxyhydroxides of Fe, Al, and Mn (Janssen
et al., 1997). Several factors affect the As solid-solution parti-
tioning process, including pH, total organic carbon (TOC),
competing anions such as phosphate, carbonate, sulfate and to
a minor extent chloride and nitrite, aging processes, and also
microbially mediated redox transformations (Casentini et al.,
2011). A considerable number of studies have tried to explain
the mobility of As in soils based on the multiple regression
analysis of extractable metal concentration versus soil properties,
considered as dependant variables such as total metal content, pH,
soil organic matter content (SOM), cation exchange capacity
(CEC), and the presence of Fe and Al oxides (Feox and Alox)
(Carlon et al., 2004; Wilkin and Ford, 2006).
This paper concerns with arsenic in the soil solution and soil
solid-phase, acquired from paddy soil profiles in Chengdu Plain,
Sichuan Province of China. In the earlier studies, total As content
was more focused (Wang, 2005; Liu et al., 2006) while parti-
tioning of arsenic in this area was not significantly studied. Hence,
the present study has been initiated with the following objectives:
(1) to investigate solid-solution partitioning of arsenic in vertical
profiles; (2) to evaluate the effects of basic soil properties (such as
soil pH, total organic carbon, clay content and so on) on the solid-
solution partitioning of arsenic. The results of this study would be
useful for evaluating the accumulation trends of arsenic in paddy
soil profiles and a better understanding of its behavior in soil
environment and depositional history.2. Site description
The study was carried out in the agricultural area of Chengdu
Plain located in western Chengdu Basin of China, with longitude
101550E to 105430E and latitude 28250N to 33030N. The
annual mean temperature ranges from 14.5 C to 18.5 C. It is the
most economically developed and the most densely populated area
of Sichuan. In the large central area, Quaternary alluvial depositsare exposed which constitute the Chengdu Plain. The deposits are
usually 200e300 m thick. The alluvial materials in the surface
layer are sand, silt and sandy loam. The upper grayish yellow/
brown Pleistocene Chengdu clay, of uniform particle size, with
calcareous concretions, is widely distributed in the area (Zhu,
1983; Geological Survey Agency of Sichuan Province, 2006;
Sichuan Agricultural University, 2007). The diameter of calcar-
eous concretions is usually 3e6 cm, and the largest could be up to
20 cm or more. Their 14C ages are 16,960 yr (Geology and
Mineral resources Agency of Sichuan Province, 1991).
3. Materials and methods
3.1. Soil sampling
Soil samples were collected in August, 2007 from the large
agricultural areas, located in Chengdu Plain (Fig. 1). Four
undisturbed, horizontally developed paddy soil profiles (S1, S2,
S3 and S4) for sampling, far away from villages, roads and man-
made polluted areas, were carefully selected.
To get an insight into the vertical distribution of arsenic at the
sites, the pits with a width of about 100 cm and a height to the
groundwater level or to the bedrock were dug. The soil thickness
of the four paddy soil profiles (S1, S2, S3, and S4) was 80, 110,
120, and 80 cm, respectively. The bedrock of the profiles were also
observed. The composite samples were collected in the study area
at different depths. Firstly, the 0e20 cm soil samples were
extracted representing the plow layer in which the applied fertil-
izers were incorporated. Then the soil samples were collected at
15 cm intervals to the bottom of profiles. At each sampling
interval, the samples were mixed and collected with an amount
enough for experiment. All the soil samples were kept in plastic
bags, double-sealed, coded, and then transferred to the laboratory.
In the laboratory, after extracting soil solution, the soil samples
were air dried, and screened through a 20 mesh nylon sieve; then
the sieved soil was subsequently homogenized and collected for
further experiments.
3.2. Soil solution collection
Several papers on soil solution collection methods have been
published (Brumbaugh et al., 1994; Bufflap and Allen, 1995).
Centrifugation is a relatively easy way to collect soil solution
compared to other methods. However, this study did not apply the
centrifugation to collect soil solution. We designed an experiment
simulating the equilibrium between the soil and the water at the
condition of forming natural soil solution to obtain soil solution in
the laboratory. A certain amount of sieved soil samples were
placed in the wide-mouth beaker. The soil was loaded according to
the actual dry bulk density of the study area to ensure the dry bulk
density of experimental soil, under the same or the similar natural
conditions, in order to ensure that the porosity of the experimental
soil was consistent with the natural porosity. Then a certain
proportion of ultra-pure water was placed into the wide-mouth
beaker and sealed for a certain time. After the wateresoil reac-
tion equilibrium, the soil solution was extracted with 0.02 mm pot
clay end soil solution extractor. The key points in this experiment
were to obtain the appropriate ratio of water vs. soil and the
suitable equilibrium time. Air dried and sieved soil samples were
moistened at the soil vs. high purified water (w/v) ratios of 1: 0.33,
1: 0.35, 1: 0.40, 1: 0.60 and 1: 0.80. Then they were incubated
Figure 1 Location of Sichuan Province and Chengdu Economic Zone in China (A), geomorphology distribution of study area (B) and sampling
locations of soil profiles in Chengdu Economic Zone (C). I1, I2, I3, I4, I5, I6, I7, and I8 expressed different geomorphology types, respectively.
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26, 28 and 30 days, respectively. The results showed that after 24
days the element content of incubated soil solution kept constant
at any soil vs. water ratio, in particular at the ratio of 1: 0.40 and 1:
0.60, the same element content varied in a similar range. The
conditions of experiment were ultimately determined indoor:
(1) the ratio of soil vs. high purified water was 1: 0.40; and (2) the
equilibrium time was 26 days. At the conditions the soil was
cultured and the soil solution was extracted by pot clay end soil
solution extractor for further chemical analysis. The extracted soil
solution was loaded into a polyethylene plastic bottle, adding
concentrated HNO3 at a 100 :1 of soil solution: HNO3 (v/v) as
protective agent for arsenic analysis. The soil solid phase was
analyzed for soil characteristics (including total As content, soil
pH, TOC, soil size fractionation, major exchangeable cations and
so on).
3.3. Analytical methods
Soil pH was determined in a 1:5 of soil : water (w/v) of suspension
after 1 h equilibrium with shaking on an end-over-end shaker
using a pH/ion/conductivity meter (Hou et al., 2008). Soil total
organic carbon (TOC) was determined by dichromate oxidation
methods introduced by US EPA (2002). Soil size fractionation was
conducted by a size analyzer (SALD-3001, made by Shimadzu
Company in Japan). Total arsenic concentration in soil sampleswas determined by Atomic Fluorescence Spectrometry (AFS).
Major exchangeable cations were determined by Inductively
Coupled Plasma Mass Spectrometer (ICP-MS). The quality
assurance of arsenic in the soil samples was checked by routinely
analyzing certified national reference materials (GSS-2, GSS-3,
GSS-4 and GSS-6 for soils) and including reagent blanks in
digestion.
Soil solution pH and soil TOC were measured immediately
after collection. Arsenic in soil solution was analyzed by ICP-MS.
The quality control of solution sample analysis was implemented
as the technical requirement of Chinese regional ecological
geochemical assessment (DD2005-03) (2005).
3.4. Data analytical methods
Measured partition coefficient (Kd) was correlated to the soil
characteristics by stepwise regression analysis by means of SPSS
16.0. Significance was tested by calculating R and comparing this
value to critical values for correlation coefficients with
(n  k  1) degrees of freedom (n Z number of observations,
k Z number of predictor variables). Because the raw soil char-
acteristics and Kd data showed a log-normal distribution, the data
set used in this study were log transformed (except pH) before
multiple linear regression in order to meet the assumption of
homoscedasticity required for the regression models (Draper and
Smith, 1981).
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4.1. Soil profile features
The parent materials of all the four soil profiles were Holocene,
which consisted of modern fluvial, pluvial, mud, sand, and gravel
according to Regional Geology of Sichuan Province (1991).
Table 1 summarizes the main physicochemical characteristics of
the four soil profiles. The vertical distributions of the soil hori-
zons were quite distinct and typical to a well-developed soil. It
can be seen from Table 1 that physicochemical characteristics
varied as a function of depth. According to pH values, these four
soil profiles belonged to neutral-alkaline soil. Soil pH value in the
plow layer of 0e20 cm was lower than deeper layer of
20e35 cm. This is perhaps because human activities in plow
layer were more frequent and more chemical fertilizers, pesticides
and allied substances were left over. Soil TOC decreased with
depths from 0 to 35 cm in all four profiles and then after 35 cm
TOC varied in a small range, fluctuating gently and stably. In the
whole profile the TOC in the 0e20 cm layer was the highest,
since fertilizers and nutrients were all included and most of them
were accumulated in the top soils. Also the distribution patterns
of soil texture in the depth varied with locations. According to the
international classification scheme (Christopher and
Mokhtaruddin, 1996; Zhang et al., 2007), the soil samples inTable 1 Physical-chemical properties for four soil profiles.
Profile Nos. Depth (cm) TOC (%) pH Exchangeable c
Ca (cmol(1/2Ca
S1 0e20 1.53 7.18 13.68
20e35 0.74 8.31 4.76
35e50 0.64 8.36 4.73
50e65 0.53 8.32 2.34
65e80 0.34 8.44 1.91
S2 0e20 2.36 7.88 4.83
20e35 1.04 7.67 7.38
35e50 0.37 7.46 11.61
50e65 0.25 7.32 17.28
65e80 0.36 7.06 16.77
80e95 0.38 6.88 16.48
95e110 0.35 6.80 16.16
S3 0e20 1.89 6.17 13.40
20e35 0.66 7.24 16.28
35e50 0.50 7.20 15.50
50e65 0.58 7.14 14.56
65e80 0.51 7.15 13.99
80e95 0.43 7.26 11.83
95e110 0.36 7.21 10.90
110e120 0.32 7.15 10.58
S4 0e20 1.77 7.92 7.15
20e35 1.33 8.12 5.46
35e50 1.16 7.90 1.57
50e65 0.98 7.50 4.95
65e80 0.76 7.70 1.20
a The soil texture is classified according to international classification schem
0.02 and 0.002 mm are silt and particle size fraction <0.002 mm is clay.four paddy soil profiles belong to silt clay loam. The texture of
the soil profile S1 was silt clay loam with particle size fractions
between 0.02 and 0.002 mm making up 50% of the bulk dry
weight in the upper parts, decreasing to 27% in the lower parts of
the profile, and the contents of sand (2e0.02 mm) increasing
downwards, and the contents of clay (<0.002 mm) comprising
about 20% of the bulk in the whole profile. In profile S2, the
content of clay varied between 20.94% and 27.77% and the sand
content ranged from 19.79% to 31.30%. In profile S3, the size
fractionation contents were similar to the profile S2. In profile S4
the soil texture contents fluctuated gently. The clay content and
sand content did not vary at a wide range. The fluctuation of soil
texture content with depth indicates that the sources of sediments
varied in different depths. In all the profiles the content of
exchangeable Ca was much higher than exchangeable Mg. The
exchangeable Ca varied significantly in all soil profiles. However,
the exchangeable Mg content in S1 and S4 decreased with the
increasing depths. In Profile S2 the content of exchangeable Mg
increased with the increasing depths, while in S3 the content
increased from 2.83 to 3.14 cmol(1/2Mg2þ)/kg at 0e35 cm, and
beneath 35 cm, the content decreased with depths to the bottom
profile. From the above observation, we can find that though the
parent material of the soil samples were the same, the different
formation conditions and environments would make the soil
properties different.ations Soil texturea (%)
2þ)/kg) Mg (cmol(1/2Mg2þ)/kg) Sand Silt Clay
2.09 28.19 52.33 19.48
0.53 30.41 48.67 20.92
0.59 30.42 48.47 21.11
0.22 42.19 39.01 18.80
0.22 53.66 28.70 17.64
0.53 31.30 47.76 20.94
1.42 23.09 50.98 25.94
2.82 19.79 52.44 27.77
4.43 20.15 52.57 27.28
4.70 23.31 49.74 26.95
4.86 26.63 47.40 25.97
4.84 26.94 46.92 26.14
2.83 34.98 47.37 17.65
3.14 37.13 42.20 20.67
2.90 36.77 42.84 20.39
2.83 34.66 45.03 20.32
2.84 31.39 46.21 22.40
2.47 33.94 44.09 21.97
2.29 38.26 40.28 21.46
2.22 41.00 37.56 21.44
0.59 39.04 49.12 11.84
0.60 38.07 49.54 12.39
0.23 37.97 50.10 11.94
0.57 40.66 47.84 11.50
0.17 44.21 43.54 12.25
e. Particle size fractions between 2 and 0.02 mm are sand; that between
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partitioning of arsenic
4.2.1. Arsenic distribution in soil solution and solid phase in
profiles
According to research results summed up by earlier workers
(Impellitteri and Scheckel, 2006; Alvarez-Ayuso et al., 2008; Lin
et al., 2008), the mechanisms that control the distribution of As in
soil are complicated. However, water-particle interaction and soil
chemistry are the important factors that could influence the
distribution of trace elements in soil environments. The control-
ling mechanisms may be different for each element because of
their variation patterns.
Fig. 2 shows the soil solution and solid phase, marked with
a square and a triangle respectively, of As contents for each soil
profile. There is a close resemblance between the soil sol-
utionesoil solid profiles at each profiles of arsenic. Concentration
peaks of As could be distinguished especially with the first few
centimeters beneath the interface in soil solution of soil profile S1,
S2 and S3. In 0e20 cm the concentration in these three soil
profiles was 40.35, 18.59 and 14.70 mg/L respectively, and beneath
20 cm the concentration ranged gently. In comparison to the
bottom solution concentration, the observed peaks for As were
much higher, which indicated clear net mobility. Beneath 20 cm
the concentration in soil solution ranged at 2.55e0.26 mg/L,
1.41e0.04 mg/L and 2.55e0.04 mg/L respectively in these three
profiles. The concentration in soil solution fluctuated in S4 profile,
looked like as an alphabet “w” which was revolved 90 in
clockwise, and peaked 1.18 mg/L at depth of 40e50 cm. In this
profile the concentration was much lower at every depth than the
other profiles. It can be seen that the peak in these four profiles lies
within the different concentration range.
On the other hand, the distribution trend of As in solid phase
from the soil solution experiment was opposite to the trend in the
soil solution (Fig. 2). When the concentration of arsenic in soil
solution decreased, the content in solid phase increased. The two
trends correspond with each other very well. The solid phase
analysis of profile S1, S2 and S3 showed that As content increased
with the depth raised at 0e40 cm, whereas beneath 40 cm the
content was almost constant with depth. For S4 the As content in
soil solid is also a function of depths. In profiles the maximum As
in solid phase appeared at subsurface soils (20e35 cm, 45e60 cm,
20e35 cm and 20e35 cm in S1, S2, S3 and S4, respectively).
Arsenic in the soil solution environment is labile constitute,
which has direct influences on water and soil quality. From theFigure 2 Distribution of As concentrations in soiabove data it is clear that the maximum As concentration in soil
solution was at depth of 0e20 cm, near the soileair interface in
the paddy soil profile of S1, S2 and S3. At this depth As was
enriched in comparison to the bottom water. But in S4, the
maximum As concentration in soil solution occurred at
35e50 cm. So the vertical distribution of soil solution As in S4
was a special case compared to the other three profiles in this
study, however we do not understand the reasons for the specialty
and further studies should be done in future. The characteristics of
vertical distribution of soil solution As concentration in the other
three profiles are common in some other research papers
(McBride, 1994; Garcia-Sanchez and Alvarez-Ayuso, 2003;
Bhattacharya et al., 2007) compared to it in S4. In S1, S2 and S3
As concentrations in the soil solution were significantly higher in
the upper layers, which show a definite decreasing trend towards
the bottom of the profile regardless of the sampling locations.
These results indicated that recently deposited soils had greater
release potential of As, and may pose a significant effect on water
and soil quality, as compared with the old soils. This was a proof
that the activity of As in 0e20 cm was strong and it could not be
enriched in the surface soil because of its downward migration
trend. Similar soil solid As profiles was found by Peterson and
Carpenter (1986) for various marine sediments and by Wilkens
et al. (1997) for lake sediment. The subsurface maximum As
concentration and the surface soil solution As maximum content
were mainly attributed to the reductive dissolution of Fe and Mn
hydrous oxides. The plow layer (0e20 cm) in the paddy soil, due
to water saturation, combined with microbial activity of oxygen
consumption, creates reducing environment. Because of this,
associated As can be liberated and can increase soil solution
concentrations. Moreover, it is possible that under reducing
conditions in the soil or sediment the inorganic arsenate (As (V))
species will be transformed to the more mobile arsenic (As (III))
species (Masscheleyn et al., 1991; He, 1998; Chen et al., 2002),
whereas under oxic condition in the soilesediment the As (III)
will probably be the dominating inorganic As species (Wang and
Wei, 1995). Due to the concentration gradient in the top layer of
the soil dissolved As will diffuse along the upward concentration
gradient and may be partly scavenged from solution because of the
sorption in the oxic layer (Wilkens et al., 1997). As the depth
increased, the soil solution content decreased gradually, and the
reductive condition in the soil environment would be gradually
transformed to oxic condition. Dissolved As will also migrate
along the downward concentration gradient and be removed from
the soil solution by uptake in a solid phase. So the modification ofl solution and solid phase for four soil profiles.
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concentration between soil solution and soil solid phase.
4.2.2. Soil solidesoil solution partitioning of arsenic in paddy soil
profiles
In this study we applied partitioning coefficient, Kd Z (Csoil solid/
Csoil solution), where Csoil solid (mg/g) and Csoil solution (mg/L) refer to
the solid content and solution concentration of As in soil, which
determines the partition of As between the solid and solution
phases and is frequently employed in adsorption experiments
(Butcher et al., 1989). The parameter Kd normalizes the miner-
alogical and chemical differences of soils and expresses the As of
the soils in the soluble form that is the biologically reactive
portion of the total pool. The Kd represents the concentration of As
in solid phase that may produce one unit amount in the solution
phase (1 g/L). In general, a smaller Kd value indicates that a
smaller amount the soil-borne element is needed to produce 1 g/L
of the element in the solution phase and shows potentially higher
exposure risks.
According to the results, Kd values ranged from 0.21 to
472.79 L/g for all the soil samples (Fig. 3). Based on the mean of
Kd value, the As in S1 (mean Kd Z 10.91 L/g) and in S4 (mean
Kd Z 11.26 L/g) appeared to be significantly more soluble than
the other two profiles (mean Kd Z 87.56 L/g in S2 and mean
KdZ 33.37 L/g in S3). The smaller Kd value indicated the As had
potentially higher exposure risks. From the graphs, it is seen that
there were significant differences in Kd value within each
sampling location, though the sampling soils belonged to the
identical soil type. As the complexity and multiplicity of the soil
environment increased, the variety of arsenic (As) in soil envi-
ronment was also complicated. The coefficient of As occurred at
high or low values in some layers. This was caused by infiltration
situation, atmosphere condition and pH of sinking water and such
factors. However, the Kd values in 0e20 cm layers was smaller
than the deeper layers (below 20 cm) in this study, which indicated
that As in the upper soils was more soluble and thus more As was
leached with the sinking water to the next layer. This also shows
that As could transfer down the profile with the pore water. In the
study, there was no regular vertical distribution trend to the
exchange of the soil solution arsenic between various layers in the
whole profile, which means that the balance coefficient has no
regular vertical distribution. For a given element, Kd varies
significantly among samples, and for a given sample, Kd variesFigure 3 Vertical distribution of As parsignificantly among elements. This is due to differences in soil
environment and element characteristics.
Based on the mean of Kd value (40.38 L/g), arsenic in the
paddy soils of this study appeared to be significantly more soluble
than that (mean Kd Z 131.001 L/g) of the polluted soils included
in Sauve et al. (2000) and also more insoluble than that (mean
Kd Z 6.06 L/g) in the cropland according to Chen et al. (2009).
For a polluted soil, the higher Kd values do not necessarily
constitute lower exposure risks since the total concentrations are
so much higher that the solution concentrations of As are high
enough to be poisonous. There would be a large pool of soluble
elements in the polluted soils. Once the elements are removed
from the solution phase by leaching or plant uptake, the loss in
solution pool would quickly be replenished by those in the solid
phase. According to the study from Chen et al. (2009) in a vege-
table field, the lower Kd value could be caused by the high inputs
of phosphorus fertilizers and continuous cropping, which make As
easily migrate from solid phase to soluble phase.
4.2.3. Relationships between soil physicochemical characteristics
and partition coefficient (Kd)
Several previous studies have pointed out that Kd was a function of
soil characteristics based on the multiple regression analysis,
considered as dependent variables such as total content, pH,
organic matter content (OM), cation exchange capacity (CEC),
texture, and the presence of Fe and Al oxide (Feox and Alox)
(Janssen et al., 1997; Sauve et al., 2003; Carlon et al., 2004; Lee,
2006; Luo et al., 2006; Chen et al., 2009).
In this study, stepwise regression model was applied to eval-
uate the dependence of Kd on soil pH, total As contents, total
organic carbon (TOC) (in this article, TOC replaced OM
mentioned above), clay contents and exchangeable cations
contents by SPSS. According to the analysis results, except
log(total As), log(TOC) and pH, no other variable met the
significant level of 0.05 for As in this study (Table 2). The linear
regression equation was listed as followed: log KdZ 0.605 pH þ
0.541 log(total As)  1.502 log(TOC)  4.769. It was found from
the regression model that the representativeness of the sample
regression equation was strong based on the regression parameters
listed in Table 2. The regression equation could explain 52.4% of
the variability of the Kd. It can be deduced that portioning of As in
paddy soils was controlled by pH, total As content and TOC. In
this study soil pH was significantly correlated with Kd. This resulttition coefficients in four soil profiles.
Table 2 Regression parameters between Kd and soil characteristics according to analysis results from SPSS.
Regression equation
obtained
Statistics
Number of
observation (n)
Correlation
coefficient (R)
Determination
coefficient (R2)
Adjusted determination
coefficient (R2adj)
Statistics (F) Significance
levels (P)
log Kd Z 0.605 pH þ
0.541 log(total As) 
1.502 log(TOC)  4.769
27 0.724 0.524 0.462 8.445 0.001
X. Yang et al. / Geoscience Frontiers 3(6) (2012) 901e909 907is in contrast with the finding of Janssen et al. (1997). According
to Janssen, the pH explained a high percentage in the variation of
Kd for all his research elements, except As. This difference may be
caused by the different soil types and the different environmental
development. Anderson and Christensen (1978) and other scien-
tists (Butcher et al., 1989) also pointed that the pH was signifi-
cantly correlated with Kd values for many elements. This is
probably because the pH of the soil is very important in deter-
mining the arsenic speciation (Smith et al., 2003) and Fe oxides
content. In general, Fe oxides compete effectively for binding As,
and Fe oxides blocks adsorption processes onto other adsorption
phases by forming surface coatings on soil particles. The positive
charge of the Fe oxides in acid to neutral soils lead to an elec-
trostatic attention for the normally negatively charged arsenate
ions in soils. Another significant soil characteristic explaining
much of the variation in Kd for As was TOC. This may be due to
the strong binding of arsenic by dissolved organic carbon (DOC),
while TOC is the most important composition for DOC, reducing
the binding onto the adsorption phases (Del Castillo et al., 1993;
Gooddy et al., 1995). The soil total As content was also another
important factor for partitioning coefficient. In most situations,
a higher total content results in a lower proportion of elements
being sorbed because potential adsorption sites are filled in order
of decreasing affinity (Sauve et al., 2000). The more a soil
becomes “saturated” with cations, the lower the element affinity of
the remaining sites (Sauve et al., 2000). One would then expect
the resulting Kd values to decrease with increasing total content. It
would also be expected that soil total As contents is the control-
ling factor. But, soil total As contents significantly controlled the
partition coefficient. Clay and exchangeable cations had no
significant effect on the variation in Kd, indicating that soil clay
did not compete effectively for binding As, and the exchangeable
cations could not actually compete for sorption and possibly
contribute to desorb As in this case.Figure 4 Comparison of measured log Kd values and predicted
log Kd values for the soils sampled, according to the equation given in
Table 2.A visual presentation of the predictive capacity according to the
obtained equation is given by a plot of predicted vs. measured log Kd
(Fig. 4). The dashed lines around the 1:1 line represent the 95%upper
and lower confidence limits calculated as Standard Deviation of
Error of Prediction (SDEP). The scattered distribution of data around
the 1:1 line indicates the high predictability of log Kd values. In this
study predicted log Kd values for the data set were in reasonable
agreement with the measured Kd values. The regression equation
could be regarded as a conservative estimation for log Kd. It is
remarkable that this model was successful for the Kd estimation on
the basis of the soil pH, soil TOC and soil total As content in the case.
When paddy soil is in a flooding period, the in situ Eh
decreases and the fall of Eh indicates the onset and continuation of
the reduced condition (Bolvin et al., 2002; Caetano et al., 2003).
When paddy soil is reduced after flooding, its cation exchange
capacity also increases to twice that of its oxidized and unflooded
state and the cation release is also limited due to the CEC increase
(Favre et al., 2002). This special property of paddy soil made Eh
and CEC become the important factor on controlling the partition
coefficient of As. However in the previous study, soil Eh and CEC
data were not considered. And in the different sampling seasons,
the factors effecting on the Kd will be different. In this case,
sampling was done in the dry season; the factors on Kd were soil
pH, TOC and total As content. However, if sampling is carried out
in the wet season, the factors may be different. For further studies,
EC and CEC should be focused in future.5. Conclusions
The analytical determinations of the As content in the soil solid
phase and soil solution and the solid-solution partitioning in four
soil profiles from the Chengdu Plain of China produce data useful
in defining the accumulation trends of As. The vertical distribution
As in soil solution showed a perfect correspondence with the
vertical distribution As in solid phase. When the concentration of
arsenic in soil solution decreased, the content in solid phase
increased. The soil solution As was significantly higher in the
upper layer (0e20 cm) and had a definite tendency of decrease
toward 40 cm regardless of the sampling locations, which was due
to changes in redox conditions of the soil environment. In the
paddy soil system, the partition coefficient (Kd) fluctuated in the
whole soil profiles. However, comparison of soil solution and solid
soil revealed that the mobility and bioavailability of individual
elements were element-specific. The most influential factor
determining the distribution of As between the soil solid phase and
soil solution is pH, total As and TOC in the study paddy soil
system. According to the model parameters, it can be inferred that
the regression equation in the study was accurate to estimating Kd.
The vertical distribution of Kd and soil solution As and solid As
also indicated that there was a trend for As to migrate with depth
and it could not enrich in surface soils.
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